Abstract -Dependence of fission fragment mass-energy distribution on the angular momentum is studied within Langevin dynamics. The calculations are performed in the framework of the generalized temperaturedependent finite-range liquid drop model. The analysis is done for five compound nuclear systems representing heavy fissioning nuclei, medium fissioning nuclei, and a light fissioning one with the angular momentum varied in a wide range from l = 0 to 70 ប . The coefficients d 〈 E K 〉 / dl 2 and are extracted. Previous analysis of the coefficient is generalized. Excitation energy dependence of the fission fragment mass-energy distribution is also found. The qualitative comparison of the extracted values with the experimental data reveals
INTRODUCTION
The formation mechanism of the mass-energy distribution is extremely complicated. In attempting to describe it theoretically, one is forced to tackle some critical questions, such as shape parameterization and determination of the discontinuity point of a fissioning nucleus, shell restructuring, and accounting of the relation between the collective and internal degrees of freedom. This intricate physical context may be partially simplified at high excitation energy. Theoretical treatment [1, 2] and analysis of experimental works on mass-energy distributions in the low and medium excitation energy regions [3] showed that, at nuclear excitation energy above 50 MeV, the shell effects cease to play an important part and the nucleus can be treated as a drop of charged nuclear liquid.
The model of a liquid drop predicts for the nuclei of the second half of the Mendeleev table the symmetric single-humped and, in the first approximation, Gaussian mass and energy distribution of fragments [4, 5] . The theoretical view of the basically symmetric fission of heated nuclei is supported by a large body of experimental research. For the first time the mass-energy distributions (MED) of fission fragments were studied adequately in the zero-viscosity dynamic model [4, 5] . Within the framework of this model, they were able to describe the fission-fragment MED parameters for light fissioning nuclei with Z 2 / A < 31. For heavier nuclei the zero-viscosity model [4, 5] leads to regularly low values of dispersions of mass and energy distributions.
The compound nuclei produced in fusion reactions with heavy ions can also have large angular momenta in addition to relatively high excitation energy. The angular momentum magnitude of the compound nucleus for two fusion events in these reactions may differ essentially. In this context the question of the influence of the compound-nucleus angular momentum on the fissionfragment MED of compound nuclei is of great importance. Experimental research into this question has been done for more than one decade. The works [6] [7] [8] bring together the results of the analysis of experimental data on l -dependences of the MED characteristics. In particular, for dispersion of mass distribution (MD), there were recognized three groups of nuclei with different dependence coefficient . For nuclei with Z 2 / A ≥ 31, the coefficient > 0, i.e., the MD dispersion increases with increasing l . For light fissioning nuclei with Z 2 / A ≤ 30, the MD dispersion decreases as the angular momentum increases: < 0, whereas for nuclei close to Pt and Os, a transition from the first pattern to the second one occurs and Ӎ 0. It is also noted in [7, 8] that the value of the mean kinetic energy of fragments 〈 E K 〉 is almost independent of l and the upper estimate of the coefficient d 〈 E K 〉 / dl 2 is 0.3 keV/ ប 2 . The value of the energy
distribution dispersion for light fissioning nuclei is in its turn almost independent of the angular momentum. But for medium and heavy fissioning nuclei, the dependence coefficient is small and positive, > 0.
There is a fairly large number of theoretical works devoted to different aspects of the question of the effect of angular momentum l on the MED of fragments (see, for example, references in [7] ). However, the results arrived at in these works are often contradictory, and the investigations are limited as a rule only by the MD characteristics and by one-two compound systems. Nevertheless, one cannot but note papers [9] [10] [11] . Although the experimental estimates briefly presented above were obtained and reported more than 10 years ago, one of the few theoretical works in which research into the effect of l on the MED characteristics has been performed more comprehensively is a paper by one of the coauthors of the present note with colleagues [12] . Noteworthy is close agreement between the findings of [12] and the experimental estimates. The key features of the dependence on the fissionability parameter Z 2 / A and even the passage of through zero at the same values of the fissionability parameter are reproduced, despite the fact that the scale of the effect (the magnitude of the dependence coefficient) is underestimated. A similar pattern is also observed for : the coefficient for heavy and medium fissioning nuclei is positive, though small.
It should be mentioned that in [12] simulation of the nuclear fission dynamics was performed within the diffusion model using Fokker-Planck equations. The solution was approximate and it was determined following the method of global moment approximation with multidimensional Gauss distribution. Currently the Langevin approach has been used successfully for simulating the dynamics of nuclear fusion-fission [13] [14] [15] [16] . Physically, the Langevin equations are equivalent to the Fokker-Planck ones. The multidimensional Langevin equations are easier used in computer simulation; unlike the Fokker-Planck equation, these are solved without additional approximations. An essential feature of our model, which is based on the Langevin equations, is the possibility of taking into account the light particle evaporation preceding the fission. This has been made possible by combining the dynamic and statistical models, as proposed in [17, 18] . Evaporation of light particles was taken into account along each Langevin trajectory to the point of scission. Thus, we have used the stochastic approach to fission dynamics, which combines the Langevin dynamics with the evaporation of light prescission particles and γ quanta. This approach makes it possible to study the MED parameters as well as average multiplicity of prescission particles.
In a recent paper [19] , we started studying influence of angular momentum on the MED characteristics. The behavior of the MD dispersion in l 2 was examined thor-
oughly. In the present paper we pay attention primarily to the influence of angular momentum on the twodimensional fragment MED and generalize the results obtained earlier.
The paper is organized as follows. In Section 1 we briefly dwell on the salient features of the model used, which is described in sufficient detail in papers [14] [15] [16] [19] [20] [21] . Section 2 presents the results of dynamic calculations and analysis of the dependences obtained. In the concluding section, we review the studies of the effect of the compound-nucleus angular momentum on the MED characteristics and draw the conclusions.
MODEL
This paper is a continuation of the investigations reported in [19] and the calculations are done using the same model assumptions. Therefore, we give here only the basic and crucial relations and focus on the calculation of the quantities not examined earlier in the work [19] , such as average kinetic energy of fission fragments ( 〈 E K 〉 ) and dispersion of the fragments kinetic energy ( ).
To describe the shape of the fissioning nucleus, we used the well-known { c , h , α } parameterization [22] . Here c is the elongation parameter, the parameter h is related to the thickness of the neck between the future fragments, and α determines the mass ratio of the future fragments. In [15] there was introduced a mass-asymmetry parameter which has the same meaning as the α and is related to it by the equation α ' = α c 3 . Therefore, we have chosen ( c , h , α ') for the collective coordinates whose evolution was simulated using multidimensional Langevin equations.
In differential form these equations appear as [23] (1)
are the momenta conjugate to them; K i (q) is a conservative driving force; m ij (||µ ij || = ||m ij || -1 ) is an inertial tensor; γ ij is a frictional tensor; θ ij ξ j is a random force; ξ j is a random variable satisfying the relations
In these equations and below we imply that the summation is from 1 to 3 over repetitive indices and the angle brackets denote ensemble averaging. The amplitude of the random force is related to the diffusion tensor D ij by the equation D ij = θ ik θ kj , which in turn satisfies the Einstein relation D ij = Tγ ij . Here T is the temperature of a
). = thermostat formed by the one-body degrees of freedom of the nucleus. The thermostat temperature is defined by the internal excitation energy of the nucleus E int and by the level density parameter a(q) via the relation T = (E int /a(q)) 1/2 valid in the Fermi gas model. The internal excitation energy is found from the energy conservation law: (3) where E* is the total excitation energy of the nucleus; E coll (q, p) = (q)p i p j is the kinetic energy of the collective degrees of freedom; V(q) is the potential energy; and E evap (t) is the energy carried away by the particles that have evaporated by the time t. The problem of calculation of the level density parameter a(q), potential energy V(q), and driving force K(q) entering the Langevin equation (1) is discussed at length in [20, 21] .
To calculate the dissipative part of the driving force, we used a one-body mechanism of nuclear viscosity [24, 25] with the coefficient of reduction due to the contribution of the wall formula k s = 0.25. The inertial tensor was calculated by the Werner-Wheeler method, an account of which can be found, for example, in [26] .
We started the Langevin modeling of trajectories from the ground state of the nucleus with excitation energy E*. The choice of the initial conditions was done according to the Neumann method with the generating function (4) The criterion of scission of the nucleus, which determines in the three-dimensional case the hypersurface separating the solid shapes of nucleus from the scission ones, is of great importance when the "energy" characteristics of the nucleus (〈E K 〉 and dispersion E K ) are considered [8, 12, 27] . The problem of choosing the scission criterion was examined in a recent paper [27] . In that paper the results of calculations of the average kinetic energy for nuclei over a wide range of the parameter Z 2 /A 1/3 were analyzed and compared with the Viola systematics [28] in an attempt to define the best scission criterion for simulating the Langevin dynamics. In the end this vital question still remains to be answered: based on the paper [27] one cannot draw an unambiguous conclusion about the advantage of any one approach. Further investigations in this field are needed; for example, analysis must include additional characteristics of energy distribution, such as dispersion, asymmetry, and excess which are associated with the third and fourth moments of energy distribution. Therefore, we considered the nucleus as being broken down into two fragments if the thickness of its neck
). exp became equal to 0.3R 0 [22, 29] (R 0 is the radius of the mother spherical nucleus). This condition for the neck thickness is determined from the condition of nucleus instability with respect to variations in the thickness of its neck [22] . As also noted in [27] , the scission criteria with relatively thick neck which are based on other physical considerations [30, 31] correspond on average to the case of r N = 0.3R 0 .
When calculating we came up against the problem of low fissionability of light nuclei ( 162 Yb nucleus in our calculations). Obtaining a statistically significant result has been made possible by the change to the socalled statistical branch after a lapse of time it takes for a particle flux through the barrier to be achieved of its own stationary value. The issue of combination of the dynamic and statistical branches of calculation is discussed at length in [14, 16, 20] . The evaporation widths were calculated in accordance with the statistical theory [32] and a statistical code was developed in [33] . Closer examination of the relations used can be found in our earlier works [15, 19, 20] . Only one essential thing should be noted here. The question of taking into account the collective amplifications when defining the density of levels, a key quantity in any statistical model of excited nuclei, was tackled as follows: we took account of rotation amplifications and ignored vibration ones, i.e., set the vibration amplification factor to be K vib = 1. As noted in [34] , it is not known whether vibration amplifications should be considered for weakly deformed configurations of nucleus. Our calculations and estimations showed that the allowance for vibration amplifications scarcely affects l-dependences of the fission fragment characteristics considered in the present note.
Our method of computing the characteristics observed is based on the use of the notion of a scission point. The distribution of collective variables and of the momenta conjugate to them is assumed to form during the descent of the system from an arbitrary saddle point to some discontinuous configuration where instantaneous scission of the nucleus neck takes place with no change of elongation. Further evolution of collective variables makes an impact of only secondary importance on the formed distributions of the reaction products. Previously an identical approach was employed widely to study MED within the diffusion model.
When calculating the energy distribution parameters, it was anticipated that the total kinetic energy of fission fragments 〈E K 〉 is the sum of Coulomb repulsion energy V c , nuclear attraction energy V n of future fragments, the kinetic energy of their relative movement (prescission kinetic energy E ps ), and the energy of relative rotation of fragments V rot . Thus, the mean value of the total kinetic energy 〈E K 〉 was found as
while dispersion of fragments in their kinetic energies was defined as: (6) We worked out V c and V n in the framework of the Krappe temperature-dependent model of liquid drop [35] . The expressions employed can be found in [19] [20] [21] 35] .
The contribution of the fragment relative rotation V rot to E K is defined by the expression [36] ( 7) where J 1 and J 2 are moments of inertia calculated for spherical fragments; µ is reduced mass; D is the fragment mass center distance; and l is the angular momentum of compound nucleus. Here we ignore the contribution from the spins of the projectile and target nuclei to the total momentum of the compound nuclear system and assume that J Ӎ l. Note that an expression similar to (7) is used in [37] to allow for the contribution from the relative rotation of fragments to their total kinetic energy at binary fission of light nuclei.
The masses of fragments are calculated by the formulas (8) where A is the mass number of nucleus with taking into account the particles evaporated by the fission moment; M R and M L are masses of the right and left fragments; q sc is the nucleus configuration at the scission point; z = z N is the equation of the plane that splits the nucleus into two fragments; z min and z max are the left and right surface boundaries of nucleus; and (z, q) is the profile function whose rotation about the nucleus symmetry axis z specifies the nucleus surface. The expression for it is presented, e.g., in [15, 19, 22] .
RESULTS OF CALCULATIONS
In our earlier paper [19] and the present one, we have studied the effect of the angular momentum on the MED characteristics of fission fragments for the following compound nuclei: 244 Cm (E* = 77 MeV, T = 1.9 MeV), 224 Th (E* = 184 MeV, T = 3.1 MeV), 195 Hg (E* = 75.7 MeV, T = 2 MeV), 184 Pt (E* = 117.3 MeV, T = 2.65 MeV), and 162 Yb (E* = 117.5 MeV, T = 2.67 MeV). The initial excitation energies and tem-
peratures of the compound nuclei are indicated in brackets.
The first two compound nuclei are heavy fissioning ones. 195 Hg and 184 Pt are medium fissioning nuclei, whereas 162 Yb is a light fissioning nucleus. The results of calculations we obtained for the above fission ranges of nuclei are presented in this section.
In order to make individual estimates for the influence of the angular momentum and temperature of the compound nuclei on the MED parameters, we also performed calculations for three compound systems 244 Cm, 184 Pt, and 162 Yb at identical initial temperatures T init = 2 MeV and T init = 3 MeV, varying l in the same range l = 0-70ប. It was found that the magnitudes of the sensitivity coefficients under study in the present paper d〈E K 〉/dl 2 , , and vary only slightly under changes of the initial temperature of the compound nuclear systems. The pattern we arrived at for different T init , given at the beginning of this section, reflects all the distinguishing features of the dependences in question. Therefore, from this point on, we mean by default that the results are obtained for the compound nuclei under the conditions mentioned very early in this section. In the other cases, the initial parameters (temperature and/or angular momentum of nucleus) will be indicated distinctly.
It is well known from the general reasoning of statistical theory [3, 12] that increased temperature causes the dispersion of the quantities under observation to increase. This fact may be illustrated by Fig. 1 , which is characteristic of our calculations. This figure depicts two-dimensional MED of fission fragments for compound nuclei Pt and Cm as functions of initial temperature T init and angular momentum l. From comparison of two distributions for Cm at the angular momentum l = 70ប and different initial temperatures (Figs. 1e and  1f) , it is clearly seen that a rise in temperature, or in excitation energy, leads to a broadening of the twodimensional distribution over both the mass and kinetic energy of fragments. The effect of the angular momentum on the two-dimensional distribution of fission fragments of the compound nucleus Pt for the same excitation energy E* can be seen in Figs. 1a-1c. As l increases from 0 to 30ប, the MED varies only slightly, and further gain in angular momentum results in a noticeable broadening of the distribution. Similar broadening is also observed for Cm, except that for this compound nucleus there is no angular momentum range in which the two-dimensional pattern is weakly sensitive to variation in l. For quantitative comparison and estimation, one should turn to the characteristics of one-dimensional mass and energy distributions by integrating the two-dimensional distribution Y(M, E K ) over the respective parameter (over the kinetic energy of fragments E K for mass distribution and over the mass of fragments M for energy one).
In experimental papers [6, 8] the average kinetic energy of fission fragments 〈E K 〉 was observed to be constant. Insensitivity of 〈E K 〉 to the excitation energy and angular momentum is interpreted in [6, 8] on the basis of the calculation results for the average multiplicity of γ quanta from fragments in reactions with light charged particles and heavy ions (see the respective references in [8] ). These studies showed that as E* and l increase, so do the γ-quanta average multiplicity M γ and the average energy carried away by them E γ . It is the observed growth that compensates for the increase in rotation energy at the saddle point for light nuclei and at the scission point for heavy ones. On this basis it is inferred in [6, 8] that the rotation energy of the fissioning nucleus presumably relaxes to a greater extent into the angular momentum (spin) of fission fragments and is released at later stages by emission of γ quanta from them. The upper estimate of sensitivity comprised d〈E K 〉/dl 2 ≤ 0.3ប -2 keV. Figure 2 shows the calculation results we obtained for the average kinetic energy of fission fragments for the three compound systems Cm, Pt, and Yb with two values of initial temperatures. The weak dependence of the calculated 〈E K 〉 on the excitation energy and angular momentum is distinct. Our upper estimate d〈E K 〉/dl 2 ≤ 0.5ប -2 keV for heavy and medium nuclei agrees well with the experimental value [6, 8] , which is d〈E K 〉/dl 2 ≤ 0.3ប -2 keV. The value we obtained for Yb is much larger, d〈E K 〉/dl 2 Ӎ 13.8ប -2 keV; however, note that systems lighter than 186 Pt and 186 Os were not considered in 〈E K 〉 analysis in the experimental papers [6, 8] . The absolute value of the coefficient |d〈E K 〉/dE*| in our calculations was not more than 0.024, the largest value we obtained at the fission of 162 Yb at l = 0ប. For heavy and medium fissioning nuclei, the absolute value is |d〈E K 〉/dE*| ≤ 0.017, which is also close to the upper estimate of this coefficient d〈E K 〉/dE* = 0.01-0.02 deduced in [6, 7] . The solid curve is the estimate of the coefficient based on experimental data [7] . The dash-dotted curves show the error range of this estimate. The dashed line is results of theoretical predictions made by using the Fokker-Planck equation [12] . We now turn our attention to the discussion of the dispersions of energy and mass distributions. Figures 3  and 4 depict the angular momentum dependence of the dispersions of mass and energy distributions for three nuclear systems Cm, Pt, and Yb. Both the dependences have common peculiarities, so all that follows for the dispersion of energy distribution is also appropriate for that of mass distribution. Therefore, we will only consider carefully the l 2 -dependence of , especially as the angular dependence of has been discussed at length in an earlier paper [19] . It is clearly seen from Fig. 4 that for the nuclei Pt and Yb, the dependence of on l is complex in its character and the coefficient even changes sign. We approximated the l 2 -dependence of energy distribution dispersion in the monotonous-dependence regions by linear functions and defined the value of the coefficient
That is why in Fig. 4d , showing comparison with experimental data [7] (solid curve) and giving results of theoretical calculations within the diffusion model [12] (dashed curve), to our findings for Pt, Yb and Hg (solid squares) there correspond several symbols.
As has already been intimated in [19] , the sensitivity coefficients are almost independent of the initial temperature (initial excitation energy) of the compound nucleus. In the case of dispersion of energy distribution, we may point out the following: the character of the l 2 dependence of remains unchanged for the temperature range under study T init = 2-3 MeV, while the coefficient is more sensitive to the change of the initial temperature and varies between 20 and 30%.
As was shown in [19] , the observed l 2 -dependence of may be explained after examining the depen- dence of the nucleus average scission temperature 〈T sc 〉 on the angular momentum.
In Fig. 5 a correlation between the dependences of and 〈T sc 〉 on the angular momentum is clearly visible. In the l range where 〈T sc 〉 drops, so does the dispersion . If 〈T sc 〉 is almost constant, then varies only slightly as well. To a rise in the average scission temperature of nucleus with increasing l there corresponds a rise in the MD dispersion. The same Fig. 5 shows a similar correlation between 〈T sc 〉 and .
In our calculations the nucleus average scission temperature 〈T sc 〉 is in fact defined by the energy that will be carried away by the prescission neutrons evaporating during the process of fission. The more neutrons the nucleus has managed to emit prior to its fission, the lower is its temperature at the instant it decays into fragments. In [19] a detailed analysis of the dependence of 〈T sc 〉 on l was done for the nuclei studied in the present paper as well. It was shown that the l-dependence of the average scission temperature, observed in our calculations, can be explained by scrutinizing the process of competition between two channels, the neutron channel and the fission one. It was demonstrated that the revealed dependence of the average multiplicity of prescission neutrons can be accounted for by examining the relation between the fission and neutron widths according to l in the evaporation cascade of the initial nucleus. This analysis has been detailed in [19] .
CONCLUSIONS
In the present paper the results of the first full-scale three-dimensional Langevin calculations have been presented, which deal with the issue of the effect of compound-nucleus angular momentum on the twodimensional mass-energy distribution, average kinetic energy of fragments 〈E K 〉, and dispersions of the mass and energy distributions and . These results have been generalized and it has been shown that the angular momentum dependences for dispersions of both the mass and energy distributions are similar in nature. Both the dependences may be explained in common terms of the dependence of the nucleus average scission temperature on the angular momentum.
The influence of both the angular momentum and the excitation energy of the initial compound nucleus on the mean value of the fission fragment energy 〈E K 〉 has been studied. The upper estimate limit for the coefficient of l-dependence of 〈E K 〉 comprised d〈E K 〉/dl 2 ≤ 0.5ប -2 keV. Also noteworthy is the weak dependence the fragment kinetic energy has on the initial excitation energy. The estimate for the upper limit d〈E K 〉/dE* in absolute value was |d〈E K 〉/dE*| ≤ 0.017. Both the presented estimates are in close agreement with the findings of the experimental analyses [6, 7] .
For the investigated three groups of nuclei, we have made estimates of the sensitivity coefficients and . It turned out that for medium and light fissioning nuclei, these coefficients are functions of the angular momentum and the results can be summarized as follows: These inequalities illustrate the widely known fact that a rotating nucleus can be adequately treated as a heavier nonrotating one. It has been established that the sensitivity coefficient depends only slightly on the initial temperature (or excitation energy) of the compound nucleus over the range T init = 2-3 MeV. It should be noted that, in the case of the l dependence of the energy distribution dispersion, the coefficient varies in the examined temperature range within the limits of 20-30%.
The analysis carried out in the current and our earlier papers shows that, to account for the observed dependences of mass and energy distributions on the angular momentum, it is essential to consider the issue of the l-dependence of the nucleus average scission temperature 〈T sc 〉. It has been found that the attempts to explain the obtained dependences on the angular momentum value by resting only on the static characteristics of nucleus-free energy (for example, the stability of nucleus regarding mass-asymmetry variations of shape) do not meet with success. A comprehensive analysis of the dependence of 〈T sc 〉 on l was done in [19] , where this dependence was shown to be determined by the evaporation of neutrons from the initial compound nucleus during the fission process. The l-dependence of 〈n pre 〉 was in its turn discussed in [19] in terms of the competition between the fission and neutron decay channels, which is given by a relation between the neutron and fission widths in the evaporation cascade of the mother nucleus and by the dependence of this relation on the angular momentum.
Thus, we are arriving at the conclusion that the dynamics of fission process, as well as particle evapo- 
